Introduction
With the utilization of the solid oxide fuel cells (SOFCs) in stacks and systems, their reliability has received increasing attention. In order to minimize the risk of failure by design or suitable operation, the stresses under operation of the SOFC stacks must be assessed together with the material resistance to failure. If fracture mechanics is employed, fracture toughnesses needs to be measured, see e.g. [1] [2] [3] , and if a statistical approach is applied, one needs to assess the distribution of the strength of the brittle components at operational conditions [4] [5] [6] [7] . Often the statistical approach is preferred as it offers simpler experiments and stress analyses, see e.g. [8] [9] [10] [11] .
The stress field at a given time during operation is influenced by external loads, the thermal field from the operation, thermal expansion coefficients, chemical expansions, the particular design of the stack components, the mechanical material properties but also the full thermo-mechanical history until the given time, see e.g. [9] [10] [11] [12] . The residual stresses relevant during operation depend on the stack assembly procedure (e.g. sintering temperature of the cell, stack assembly temperature, etc.) but also on the time at high temperature as the stresses relax over time by creep processes.
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In general detrimental failure of the SOFC stacks can be expected if cracks through the electrolyte develop, although minor cracks might be tolerable under constant operation. To avoid cracking the stress level in all the cell layers must be kept well below the strength of the respective cell layers, due to the statistical distribution of strength and cracks induced by slow crack growth. In this context the creep of all the cell layers is of importance, as the stress development depends on the mutual relaxation of stresses due to creep. In the present study we focus on the creep of the anode and anode support of the SOFC as this, for anode supported cell designs, constitutes the main structural component, with the anode being 30 to 100 times thicker than the electrolyte. The anode is typically made from nickel (Ni) and 3 or 8 mol % yttria partially stabilized zirconia (3YSZ and 8YSZ, respectively) dependent on whether mechanical strength or ionic conductivity is of primary importance.
Gutierrez-Mora et al. [13] and Morales-Rodriguez et al. [14, 15] measured the creep rate of Ni-3YSZ and Ni-8YSZ anodes, respectively, in compression at high temperatures, i.e. ~1000-1200°C.
Gutierrez-Mora et al. came to the conclusion that Ni was determining the creep rates at these temperatures, whereas Morales-Rodriguez came to the conclusion that 3YSZ determines the creep rate. The investigated temperatures are however in both cases somewhat higher than the temperature range currently considered for SOFC operation (~700-850°C).
Laurencin et al. [16] measured the creep of Ni-8YSZ in bending at 700-850°C. From an analytic microstructural model they found that the creep of the cermet to a large extent is determined by the creep of the 8YSZ in this temperature range, as the measured Ni-8YSZ and the modeled creep of 8YSZ were relatively close. They also investigated the ratio between layers, which are plane strain or plane stress conditions in beams during creep testing. They showed that the stress field was 4 mainly governed by plane stress conditions, even for a relatively wide beam (width / thickness = 7). Finally, they also showed that the creep was so fast under a simulated stack operation that after about 500 h the stresses would be halved under a typical operating condition [16] .
Kwok et al. [17] studied the creep of Ni-3YSZ and Ni-8YSZ composites by a finite element micromechanical model of a reconstructed microstructure obtained using a focused ion beam together with a scanning electron microscope (FIB-SEM). The modeling results showed that the creep rates of both of the Ni-YSZ composites were identical to that of the porous YSZ backbones alone, and Ni could effectively be disregarded, when secondary creep is considered. The model also showed that the Ni phase was effectively unloaded within seconds even with the "slower" secondary creep.
Jiménez-Melendo and Huamán-Mamani [18] studied the creep rates under different atmospheres of NiO-3YSZ and NiO-8YSZ at 1200-1350°C. They found that the creep of the 3YSZ provided a higher ductility than the 8YSZ. This was due to the small grain size (0.4 m) of the former composite, which allowed for superplastic behavior. Superplastic behavior has been studied widely [19] , in particular for 3YSZ, 4YSZ and 8YSZ [20] [21] [22] [23] . This is an important phenomenon but only relevant to temperatures much above preferred stack operation temperatures today.
In this work we report on a newly discovered creep phenomenon, which yields a deformation rate during reduction of NiO to Ni of a NiO-3YSZ anode support, which is much higher (~ ×10 4 ) than the creep rate during operation with the anode-support in fully reduced state. This phenomenon will thus relax all the stress in the cell within minutes of the reduction process. This creep phenomenon occurs under combined loading and reduction. Thus, the effect of different combinations of onsets of load and reduction has been studied. Also the effect of mode of loading was studied by threepoint bending experiments and uniaxial tension experiments. To explain the difference between the 5 creep rates observed under the two types of loading, further qualitative experiments showing the influence of stress on the nucleation of the reduction process (NiO to Ni) were conducted. For further elucidation of the phenomenon, the deformation during the reduction process was measured on anode supports in unloaded condition. Based on the different experiments, a hypothesis for explaining the observations was conclusively deduced.
Experimental

Materials and sample preparation
Two types of samples were prepared from anode supports of nickel-oxide (NiO) and 3YSZ in equal volumetric amounts. The first type of samples consisted of tape-cast and sintered anode supports.
The thickness after sintering was 300-340 μm. A more detailed description of the fabrication procedure of anode supports can be found elsewhere [24] . The resulting microstructures have been studied previously [44] [45] [46] [47] .
As stated in [42] the characteristic time for diffusion through these anode supports is in the order of 50 ms, which is orders of magnitude faster than the reduction rates studied in this work, and is not significantly hindered by the presence of an electrolyte. Thus, the electrolyte can only influence the reduction process by acting as a mechanical constraint or external mechanical loading, and this influence must be indirectly estimated. Therefore, single layered Ni(O)-3YSZ anode supports are studied under controlled external loading for a clear interpretation of the results.
The second type of samples was manufactured by stacking and hot pressing (200 kN over 25 mm × 9 mm tapes for 1 min) of several layers of the above mentioned tapes (after tape-casting, before 6 debinding and sintering) followed by cutting and sintering to a dimension of 20 mm × 6 mm × 1 mm. Good adherence between the layers was achieved by this approach, and no cracks were found in the polished cross-sections investigated by scanning electron microscopy after the mechanical and chemical exposure (described further below).
The samples for the mechanical testing were made from the first type of samples by cutting to 15 mm × 60 mm and 2-5 mm × 20 mm after sintering for three-point bending and uniaxial tension, respectively. The porosity was measured by mercury porosimetry to be 17.0 % before reduction, and 39.4 % after reduction at 800°C.
A sample of "pure" 3YSZ was made from a sintered NiO-3YSZ sample, which was consequently reduced in 9% H2 and 91% N2 ('9% H2' in the following) to Ni-3YSZ. The Ni was then leached out by submerging the sample into a stirred 4.5 M HNO3 aqueous solution for four hours.
Experiments
Three point bending
The first experiment conducted was creep testing in three-point bending under constant load and with a shift of atmosphere from air to 9% H2 at 800°C. The testing was performed in an in-house constructed setup based on a modification of the high temperature four point bending setup described in Ref. [7] . A hanging weight is used to apply a constant force on the sample. The fixture is located in a furnace with a controlled temperature and atmosphere. The beam span is 50 mm and the sample is centrally loaded. The setup allows direct view on the center of the sample and thus optical detection of its deflection with load over time. For details on the furnace, atmosphere control and the optical deflection detection technique please see Ref. [7] .
Uniaxial tension
The uniaxial creep experiments are conducted in a thermo-mechanical analyzer (Netzsch, TMA 402 F1 Hyperion), which allows for individual control of loading and reduction. For the experiments the standard uniaxial fixture provided with the equipment was used. In this, the sample is fixed at both ends between two slabs of alumina, with an alumina screw going through the two slabs (see Figure   2a) . A special device with rails is used to align the slabs and the sample during the fixation. Holes in the slabs allow for inserting a pin and hereby fixating the sample to the actuator in the Netzsch TMA. Various sequences of uniaxial loading and shift of atmosphere from air to 9% H2 at 800°C
were conducted. The distance between the grips, and thus the gauged length of the sample is 15 mm.
Three point bending and quenching
The three-point bending fixture can also be attached to an actuator, which can move the entire fixture up and down, see Ref. [7] . This enables movement of the fixture and the samples out of the hot part of the furnace, and thereby quenching of them. Thus, it is possible to follow the reduction process by 'freezing' it at different stages. The reduction process is however fast, and the best experimental results of this type, presented here, were obtained at 650°C. Two types of quenching experiments were conducted: three-point bending and single point compression. The three-point bending experiments are as described above, however with the fixture mounted on an actuator, which allows for quenching by fast movement into a cold zone in the furnace.
Single point compression and quenching
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The single point compression experiment was carried out by compressing one end of the 1 mm thick sample in a fixture functioning as a screw clamp with a stainless steel screw. This was also mounted on the above-mentioned actuator to allow fast quenching. The purpose of this experiment is to observe the influence of stress on the reduction front in an experiment different from the threepoint bending experiment. If any inter-laminar cracks were present from the processing this should not influence the reduction front significantly, as this propagates in parallel with crack orientation.
The actual stress level is challenging to measure in this experiment, as the contacting of the screw clamp on the microstructural scale will initially only lie on a few grains of the NiO-YSZ sample.
However, with the firm tightening of the screw it can be assumed that the few initial contact points provoke local yielding of the steel, as compressive failure of the ceramic component will require very large stresses. This will lead to establishment of more contacting points. Thus, the highest stress level can be expected to be in the vicinity of the yield stress of the screw material (~300 MPa), depending on the geometry of the anode support microstructure.
Microscopy
The microstructure and chemical composition of the 1 mm thick compressed sample was characterized with a scanning electron microscope (SEM, Hitachi TM3000) equipped with backscattered electron (BSE) detector and an energy dispersive X-ray spectroscopy (EDS) SDD detector (Bruker Quantax 70) and operated at 15 kV. Sections of the samples were embedded in epoxy resin, polished and covered with a nanometer thin carbon layer. Standardless EDS analysis was performed using the Bruker Quantax 70 software to determine the local chemical composition of the sample. 
Analysis
Creep is time dependent deformation of materials under load, and is typically split into three time domains; Primary creep with a high initial deformation rate, which due to hardening processes decreases to the steady deformation rate of secondary creep. During tertiary creep the material deteriorates and the creep rate increases towards failure [25] .
Generally secondary creep for ceramics can be described by the empirical Norton Power Law [26] 
, where
Here, D is the diffusion coefficient of the relevant creep mechanism, G is the shear modulus, b is the Burger's vector length, k is Boltzmann's constant, T is the absolute temperature, d is the grain size, p is a size exponent, n is the stress exponent, and A is a dimensionless constant. To avoid unphysical results (complex numbers) Eq. (1) could more correctly be written:
To characterize the creep of ceramic materials both tensile and compressive uniaxial methods [14, 27] , biaxial bending methods [28] and uniaxial bending methods [29] have been used. In order to apply the beam bending methods, the stress distribution must be deduced by a combination of beam theory and the Norton Power Law, see Appendix A and Refs. [16, 30] .
Norton Power Law Creep parameters from three-point bending
In a beam the Bernoulli assumption (assumption of linear strain distribution over the cross section)
can be applied with a good approximation, i.e. y   , where  is the curvature and y the vertical coordinate with origin at the bending center of the beam. The strain rate can thus also be expressed as y   (3) where  is the rate of the curvature change ('curvature rate' in the following).
The stress distribution over the cross section can be obtained by combining Eqs. (2) and (3). The bending moment equivalent to these stresses can be obtained by integration, and hereby link the curvature rate and the bending moment, M, (see Appendix A)
where Ic is a "complex" moment of inertia, see Appendix A and Ref. [16] .
The displacement rate, 
where F is the loading force on the beam. Taking the logarithm to Eq. (5) and rearranging leads to
      (6) Thus, the power, n, can be obtained as the slope of a linear fit of the logarithm of the displacement rate, max j v , to the the logarithm of the load, F. Ec can be deduced from the intersection with the yaxis, p2, of the linear fit (y=p1x+p2) plotting
4. Results
Three-point bending experiments
The displacement due to creep of anode supports exposed to a constant load in three-point bending during a shift of atmosphere from air to 9%H2 at 800°C is shown in Figure 1a for different load levels. The very large displacement shown as a vertical drop in all of the curves shown in Figure 1a , is what here is referred to as accelerated creep. After the fast initial creep occurring during the first ~10 minutes after the gas change, a slower creep rate is observed, which is the process normally characterized in creep measurements (labeled "normal creep" in Figure 1a ). The displacement rate and thus also the directly deduced creep rate is strongly accelerated (~×10 4 ) at the shift of the atmosphere. The 'steps' on the normal creep part of the curves is a result of the large displacements from the accelerated creep, which causes the sample to slide over the support-pins and stop because of friction, in turn. That the amount of creep occurring during the reduction process is significant is 12 illustrated in the insert in Figure 1a , which shows a specimen mainly distorted by "accelerated creep".
The deflection of the sample center point during the reduction is shown in greater detail in Figure   1b , where a clear load dependency can be seen. Applying the procedure discussed in Section 3, the power, n, in the Norton Power Law is determined by linear regression fitting of the logarithm of the creep rate versus the logarithm of the applied load, according to Eq. (6). The power n is determined to be ~0.8 for the accelerated creep regime and 1.9 for the normal creep regime in the fully reduced state. This indicates that both creep mechanisms are dominated by diffusional creep [25] , although different. 
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In the literature several studies of the volume change occurring during the reduction of NiO-YSZ structures have been reported, and a good overview can be found in the review in Ref. [6] . The reduction strain due to the transition of the NiO-YSZ structure to Ni-YSZ has been found to be about 0.01 % contraction by use of a contact dilatometer [6] . The observed bending cannot be explained as a superposition of this reduction volumetric change, as the reduction contraction would in the end be equal over the entire cross section and thus not give rise to any bending. Unless the contractions from reduction occur at different locations over time in the sample and are combined with time dependent processes as creep.
Uniaxial tension experiments
To exclude that the accelerated bending rate is due to e.g. an asymmetric reduction profile and thus also asymmetric internal stresses and creep rates, uniaxial tension experiments were also conducted.
The accelerated creep occurs only when both load and reducing atmosphere are present. In Figure 2a the creep response to different combinations of uniaxial load and gas shift to reducing atmosphere are explored. t=0 corresponds to a situation, where the sample suddenly experiences load and reducing atmosphere. Sample 5 is however tested in air (as a reference). Table 1 provides an overview of the samples loaded with 2 MPa at 800°C in uniaxial tension.
The accelerated creep rate is shown to depend on the load level ( Figure 2b) ; it increases for increasing loads, as expected. The increase in strain is however not linear with stress and does not depend on the stress with the power of 0.8 (as in the three-point bending experiments), as more than a doubling of the stress level does not result in the double amount of creep. uniaxial loading relative to the initiation of the reduction (red.) at 2 MPa of load. Please refer to the Table 1 for a detailed explanation of the curves plotted. The insert illustrates the fixture used for the experiments. b)
For different load levels with two linear fits to the first 50 s of the two creep curves for 2 and 5 MPa of creep.
c) For NiO-YSZ, Ni-YSZ and pure YSZ with the Ni phase leached away, including primary creep and no change of atmosphere.
To quantify the creep rate of the accelerated creep in uniaxial tension, the secondary creep law (Eq.
(2)) has been fitted to the initial creep response assuming that n equals 0.8 as in the three-point bending experiments (see the linear fits in Figure 2b ). Comparing the resulting Ec values to those from three-point bending, the uniaxial creep rates are seen to be significantly faster, i.e. 45 and 72 times faster, see Table 2 . The reduction kinetics might explain these deviations as discussed in the next section.
Also, as seen in Figure 2b , an expansion is observed during the reduction at almost zero load (~0.001 MPa) in uniaxial tension (more observations were recorded than those shown in the graph).
This is different from previous measurements, as a contraction due to the reduction has generally been observed in the literature [6] .
In Figure 2c the primary creep and part of the secondary creep for the different material compositions is plotted over the first 10 hours of creep for cases with no change of atmosphere. The slope of the secondary creep curves (of sample 3 and 4), here taken from 150 min to 600 min of creep, are fitted with Eq. (2), and the results are summarized in Table 2 .
Stress dependent reduction
Simonsen et. al. showed by in situ reduction of a NiO-YSZ cermet in an environmental transmission electron microscope that the reduction is nucleated at some point in the nickel oxide phase and spreads from there [31] . Thus, different parts of the sample are exposed to accelerated creep at different points in time. Wider samples will therefore not experience the accelerated creep over the entire cross section at the same time, as the reduction needs to spread. This would explain the slower creep in the wider three-point bending sample (~15 mm compared to 2-5 mm wide uniaxial tension samples). Furthermore, another effect might slow down the creep in the three-point bending, i.e. a stress promoted nucleation of the reduction. This phenomenon will be described in the following.
Our hypothesis is that the reduction in a stressed anode support is promoted by stress, i.e. the points with the largest stress reduces firstFapp. That chemical processes are influenced by stress (chemomechanical coupling) is well known, see e.g. [32] . The elastic energy of a NiO particle in compression will be released on reduction due to the volume change and the redistribution of the material. The elastic energy adds to the free energy and thus acts as an additional "driving force" for the reduction on top of the chemical one. This is further verified by the experiments presented below, where the samples are quenched during the reduction process. Figure 3a shows the top and bottom of three samples all quenched from 650°C, 60 seconds after change of inlet gas composition, where sample I was loaded with 2.44 N in three-point bending, and sample II and III were unloaded reference samples located adjacent and above it (slightly warmer 2-3°C), respectively. The samples presented in Figure 3 are predominantly green, which means that the reduction process was interrupted at a very early stage (approximately 60 seconds after change 18 of inlet gas). It is clear that sample I contains more reduced phase (gray colored areas) than the reference sample II (which is still predominantly green). Moreover, sample I is gray (reduced) predominantly in the area where the highest compressive stress occurred, i.e. in the center of the top of the sample. This indicates that stress, and in particular compression, can accelerate and thus nucleate reduction of NiO in anode supports. The progression of the reduction in sample III shows that the reduction rate is highly sensitive to temperature. To exclude that it is the lower side of the sample, which reduces faster because of the gas flow direction in the furnace [7] the anode support was also tested with a single point in compression
(achieved by a screw clamp). In Figure 4 the quenched single point compressed sample is seen.
Again the result implies that the high stress has promoted the nucleation of the reduction. This confirms that stress is the nucleating factor and not e.g. asymmetric exposure of the sample because of e.g. gas flow directions etc. Thus, this phenomenon could explain the different creep rates determined in the three-point bending experiment and the uniaxial tension experiment, as it is only a part of the samples in three-point bending, which experiences the accelerated creep, and the total deformation rate is therefore slower.
This also means that the stress analysis in section 3 should be revised, as this analysis assumes isotropic material properties over the cross section of the beams. The purpose of the analysis is however to show that the deformation rates recorded in theses experiments are orders of magnitude 21 larger than those recorded in other creep experiments [16] . A revised analysis would also involve the reduction rate and a more detailed material model of the three interacting phases including primary and secondary creep for all phases (NiO, Ni, YSZ). It is beyond the scope of this work to make such an analysis.
The stress-induced reduction is currently being studied further by energy-resolved neutron imaging [33, 43] . Among others, the objective is to study the progress of the reduction process in-situ by following the Bragg edges of NiO and Ni across similarly stressed anode support samples.
Rate of density change during reduction
To investigate how the accelerated creep process relates to the reduction process, samples in the three-point bending experiment were quenched after different periods of reduction exposure at 650°C. The weights of the samples were measured before and after the quenching. From this the relative change of mass for different reduction periods were deduced, see Figure 6 .
The relative change of mass is seen to follow an exponential trend with time, t
where m   is the change of mass for a full reduction, and  is the characteristic time of the reaction, which depends on temperature through an Arrhenius type expression
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where R is the universal gas-constant, T the temperature in Kelvin, t 0 is a constant, and Ea the activation energy. The Ea has experimentally been determined to be 68 kJ/mol [40] . 
Discussion
By considering Figure 1 , 2 and 6 it is clear that the large deformations observed occur because of the reduction and within the same time interval as the reduction, and the phenomena are therefore 23 inherently connected. This has also been confirmed recently in-situ neutron imaging of the deflection and material phases of a loaded anode support during reduction [43] . A hypothesis to explain the magnitude of the observed deformations is outlined in the following.
Explanation for expansion during reduction in unloaded condition
The observed expansion during reduction in a practically unloaded condition shown in Figure 2c (three lower curves) is opposed to other literature, (see overview in Ref. [6] ), where unloaded samples have been observed to contract during reduction in a contact dilatometer, where a compressive load is applied to the sample. The previous explanation for the measured contraction of the anode supports during reduction relates to the significant volumetric ratio (Pilling-Bedworth ratio) between NiO and Ni (approximately 1.65:1). Thus, the explanation was that the large contraction of one of the phases would lead to an average contraction of the composite during the reduction.
The influence of this contraction on the composite anode does however depend on the balance between the stiffness of the two phases (Ni and YSZ) during the reduction, where the stiffness relates to the material properties, composition, and microstructure. Ni phase creeps very fast compared to the YSZ backbone [34] , and thus it is quite soft compared to the YSZ phase. Also during the reduction NiO reacts to form Ni and the high mobility of the cations in this period makes it reasonable to assume that the compliance of the material is very high during this period. Thus, given similar contiguity and volumetric ratio, the YSZ phase will determine the macroscopic behavior of the composite.
Furthermore, internally in the Ni-YSZ microstructure residual stresses must be present, as the thermal contractions from the sintering temperature of the two phases are different. The thermal expansion coefficient of YSZ is lower (~11·10
) than that of NiO (~14·10 -6 K -1 ) [35] , which means that compressive stresses builds up in zirconia while cooling from sintering temperature to operation temperature or room temperature [36] .
Hence, we believe that the expansion that all these mildly loaded samples experience on reduction is due to a release of the internal compressive residual stress in the YSZ phase with the softening of the Ni as illustrated in Figure 7a -c. Onwards this strain will be referred to as reduction strain. and e) the Ni can be assumed to be very compliant and not present any resistance to the external load.
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From the reduction strain it is also possible to estimate the unknown micro-strain in the YSZ phase before the reduction. With an expansions of 0.04-0.05 % as measured here, the average local residual compressive stress in the YSZ phase can be deduced to be in the order of 60-80 MPa at 800°C before reduction, given a Young's modulus of 157 GPa [4] . This corresponds to an equivalent stress (traction on the surfaces of a unit cell including pores) of 6-8 MPa, as the correction factor on the Young's modulus for 59 % of porosity is 0.10, i.e. the Young's modulus of the porous YSZ structure is 15.7 GPa (obtained by elastic simulation of the same microstructure as in Ref. [34] ).
Explanation for the deformations during reduction in loaded condition
For the uniaxially loaded samples, the reduction strain explains the 0.04 to 0.05 % of the total strain of 0.12 % through the accelerated creep phase (see Figure 2b) . Under the assumption of zero resistance of the Ni phase during reduction, the primary creep of the YSZ will contribute with 0.04 % of strain (see Figure 2c) . The final amount of strain arises from a significant change of elastic modulus going from NiO-YSZ (181 GPa [37] ) to a porous YSZ structure with 59 % of porosity (15.7 GPa [38] ) given zero resistance to deformation of the Ni phase (see Figure 7d -f). Onwards this will be referred to as the elastic contribution. The difference in elastic strain from this is thus ~0.01 % (2 MPa(1/15.7 GPa -1/181 GPa)). Summing these three contributions (0.09 % to 0.10 % in total) almost provides the total measured strain during the reduction (0.12 %).
In the samples loaded in bending the expansion from the reduction expansion occurs equally over the entire cross section, and hence will not contribute to the deflection. This might also partly explain why the recorded deformations during reduction in the uniaxial tension experiment are 26 faster than in the bending experiment, since in the uniaxial case the reduction strains contribute to the elongation.
In Figure 8 the maximum measured strains occurring in the bended beams (at the center of the bottom) are compared to calculated strains due to the elastic contribution (change of Young's modulus). In this case the difference between the total strain and the elastic contribution can be assumed to be due to primary creep of the porous YSZ. The contribution from the primary creep is thus approximately 1/3 of the total strain (see Figure 8 ). In the uniaxial loading case the primary creep contributes with 4/5 (0.04 % / (0.04+0.01 %)) of the total strain, when the residual stress release is disregarded (for comparison). Again the uneven reduction of the specimen in bending might explain why the primary creep do not contribute as much; the creep deformation is restrained from the surrounding oxidized material, which is why the entire sample does not yield at the same rate as the uniaxially loaded sample. In the final measurement (F = 1.03 N, ε=0.35 %) the sample broke during the accelerated creep. This is in good correspondence with the measurement of failure strain of 0.38 % of 3YSZ at 800°C reported in ref. [37] . Figure 8 The maximum strain in the beams from the bending during reduction compared to the maximum change of strain due to the change of elastic modulus from that of NiO-YSZ to porous YSZ during reduction.
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The measurement marked with a square marks the maximum strain recorded in the experiment before the sample broke.
If the recorded strains in the YSZ phase in the bending experiments are elastic to a high extend while being bended (~2/3), the unconstrained strongly deformed sample (see insert in Figure 1a ) at room temperature deserves further explanation. The reason for this deformation is that the Ni is deformed by fast creep and reshaped during reduction (Figure 7e) , while a constant load is kept on the sample until it reaches room temperature. During cooling to room temperature the Ni will consolidate and "freeze" the shape of the sample (Figure 7f ). This also means that the internal stresses in the YSZ phase balance the external load completely until the consolidation occurs (including redistribution and coarsening). The sample must at room temperature thus have residual stresses in the YSZ phase, which vary linearly over the thickness of the beam (compressive in the top and tensile in the bottom). These residual stresses will be superimposed with stresses due to the difference in thermal contractions of the two phases from the consolidation temperature, which is now the new so-called reference temperature for residual stresses. When the load is removed the sample would partly bend back towards the original flat shape, but it is hindered by the Ni phase, which was situated in an unstressed condition after the reduction (before the cooling).
Hence, in general most of the observations recorded in this work can be explained by assuming that Ni is creeping very fast during the reduction, i.e. the stresses in NiO are completely relaxed such that the Ni phase is free of stress just after reduction. The YSZ phase of the composite structure does therefore carry the entire load, which leads to both a significant amount of primary creep of the YSZ phase alone and a significant change of elastic modulus of the sample (resulting in a change in elastic deformation). The authors also considered micro-cracking of the YSZ in tension as an apparent softening mechanism, but did not observe any micro-cracks. As many cells are curved before the point of reduction (due to thermal expansion mismatches of the different layers), and are therefore exposed to similar loads and reduction as in this study, this would also imply that microcracks should be broadly observed upon reduction of cells, and this is not the case.
The differences in the apparent creep rate between the uniaxially tensed samples and bended samples might be explained by the demonstrated stress promoted reduction nucleation phenomenon, which further leads to the above-mentioned hindrance of localized primary creep in the asymmetric reduction during bending. This difference between bending and uniaxial loading does however deserve more research.
Consequences of the accelerated creep
The accelerated creep has been observed both in three-point bending (section 4.1) and in uniaxial tension (section 4.2) for different load levels and has been shown to be orders of magnitude faster than the 'normal creep' occurring during operation of the SOFC. Stresses are thus relaxed very fast in a multilayered SOFC structure during reduction. Depending on the sealing procedure and fixation of the cell in a SOFC stack the stresses in the SOFC will change significantly during the reduction procedure. Based on the observations in this work the consequences of the accelerated creep are that:
1. For an unconstrained NiO-YSZ anode the internal (micro) residual stresses residing between the phases should go to zero at the point of reduction. With the Ni quickly rearranging by creep. The consequence is that the effective coefficient of thermal expansion (CTE) of the composite will depend on the rate of the temperature change at elevated temperatures. The reason for this is that with very slow temperature changes creep will relax the stresses built up in the Ni phase, and the CTE of the composite becomes that of YSZ.
Oppositely, at very fast cooling, creep will not occur, and the measured CTE will be a (elastic) stiffness weighted average of the CTE of the two phases. In the former case residual stresses will thus relax while approaching room temperature after reduction. This and relaxation of the residual stresses during reduction have been observed in another on-going work by some of the current authors. In this work the residual stresses were measured in-situ with X-ray diffraction [41] .
2. For an unconstrained SOFC half-cell (no cathode) the (macro) residual stresses residing amongst the layers should also go to zero at the point of reduction, as all the layers can be considered to be pure (porous and solid) YSZ during the reduction. This is well in line with the study by Sun et. al. [39] who measured residual stresses in SOFC half-cells at room temperature. 3. For an unconstrained full SOFC with cathode the macroscopic residual stress will of course also depend on the thicknesses, coefficients of thermal expansion (CTE), Young's moduli and the sintering temperature. In general, the cathodes are much thinner than the anodes, to avoid delamination of this layer, which typically has a higher CTE [6] , and thus the residual stresses of the half-cell after reduction will still approach zero in this case. The amount of residual stress in the cathode after reduction will besides the dependence on the above mentioned parameters also depend on the primary creep of the YSZ phase and the elastic 30 contribution (from change of Young's modulus during reduction, see above). As the cathode sintering temperature is only moderately higher than the reduction temperature, it would in many cases be a reasonable approximation to assume that the residual stresses in the cathode (and the entire cell) is zero at the point of reduction. Doing so would also minimize the initial stress level of the sealings, as the expansion of the YSZ from release of internal residual stresses can occur, which is prevented when the sealings are crystallized.
For a
In principle the observed phenomenon complicates a thermo-mechanical simulation of a SOFC stack considerably, as the phases of Ni-YSZ layers in principle must be considered individually.
Especially because the failure of Ni-YSZ seems to be related to the straining of the YSZ phase rather than the average stress on the multiphase structure [37] . In many cases it is reasonable to assume that all stress goes to zero in the SOFC stack at the point of reduction (see above discussion), which simplifies the thermo-mechanical analysis. This does however require an initial evaluation in each particular case.
Conclusions
In this work a newly discovered phenomenon, so-called accelerated creep, is presented. This occurs during simultaneous loading and reduction of solid oxide fuel cell NiO-3YSZ anode supports. The deformation rate during the accelerated creep has in this work been found to be several orders of magnitudes faster than during normal creep (×10 4 ). Thus, the accelerated creep rate is so significant that it has to be accounted for in construction of as well as analysis of the robustness of SOFC stacks, as all cells are at some point exposed to a reducing atmosphere under the mechanical constraint of the stack.
The creep during reduction was studied in various three-point bending experiments and in uniaxial tension experiments, where different combinations of load and reduction onset and chemical treatments were conducted to explore the phenomenon. Through this a hypothesis to explain the observations was given; that the Ni(O) phase creeps very fast during the reduction of the composite Ni(O)-YSZ structure, and that it therefore can be disregarded mechanically during the reduction.
The consequence of this is that the fast deformations can be separated into three contributions: 1)
expansion from reduction (relaxation of residual stresses), 2) primary creep of the YSZ skeleton and 3) an elastic contribution.
1) was observed in unloaded samples of NiO-YSZ, which is contrary to previous observations. The expansion can however be understood based on the above hypothesis, as the expansion is then a release of internal (micro) residual compressive stresses in the YSZ at the softening of the NiO phase to Ni.
2) occurs with the softening of the NiO phase to Ni as the YSZ skeleton consequently carries all the load, which induces an extended amount of primary creep. This was also observed experimentally on a porous YSZ sample, which had been produced by leaching away Ni from a Ni-YSZ sample.
3) is also a consequence of the softening of the Ni phase during reduction, as the Young's modulus of the composite hereby changes significantly (from ~180 GPa to ~16 GPa), which results in additional elastic deformation.
The creep rate was found to differ in three-point bending and uniaxial tension. This is partially because the expansion during reduction does not contribute to the bending, as it occurs uniformly over the beams, but does contribute to elongation of the uniaxially tensed samples. Furthermore, a hypothesis of the influence of stress on the reduction rate (chemo-mechanical effect) influencing the deformation rates was also given. By experiments where anode support samples exposed to load during the reduction were quenched in the process, it was observed that the reduction is promoted at high stress locations, and that the reduction of the loaded samples is faster than in unloaded reference samples. This could explain the slower deformation of the larger three-point bending samples, as creep only occurs locally at the points with highest stress in contrast to the uniaxially (uniformly) stressed sample, where the creep would occur more or less simultaneously in the entire sample. Furthermore, it was speculated that the primary creep of the YSZ backbone was constrained by the surrounding slowly creeping unreduced NiO-YSZ.
The primary creep of a reduced anode support was measured to be significant (~0.01 % at 2 MPa after ~7 minutes of creep) also in reduced state after the accelerated creep, and thus this has to be taken into account in thermo-mechanical simulations of SOFC stacks as well as secondary creep.
33
The consequence of the observed phenomenon of accelerated creep was discussed at some length.
In principle the thermo-mechanical analysis of a SOFC stack becomes more complicated with these findings, as the phases of the Ni-YSZ layers should be considered individually. As argued in the text it can however in many cases reasonably be assumed that all stress goes to zero in SOFC stacks at the point of reduction. Such assumption simplifies the thermo-mechanical simulations considerably. However, an initial evaluation for each case considering the influence of external constraints (external loads and interaction with the remaining stack) as well as internal balancing of stress with the cathode layer through the reduction is necessary.
A challenge for the thermo-mechanical modeling is however that the two different phases (Ni and YSZ) in principle should be considered independently in a more complex material model for the composite. This amongst others would lead to temperature rate dependent effective thermal expansion coefficients for the Ni-YSZ composites, due to the fast creep of the Ni phase.
where c1 is an integration variable, which can be obtained from the boundary condition of the rotation (and thus also its rate) is zero at the center of the beam to (17) The rotation rate can then be expressed as 1 1 sgn (19) where c2 is an integration variable which is zero due to the boundary condition of vertical displacements equaling zero at the supports.
Finally, the displacement rate along the beam axis and over time can be obtained 1 2 sgn Tables   Table 1 Loading and reduction The amount of creep in the non-reduced sample 5 is much lower than in the Ni-YSZ samples, which is to be expected because of the relatively lower creep rate of NiO compared to the Ni.
